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niques nscessary for a cw m&% m%m and ¢

the earth's atmosphere. (Basis for the talk -are

NASA on methods of trajectory control and,the simuletion of seversl

proposed satellite vehicles during entriss using a static simulator at

the Langley Research Center and the S0-foot human centrifuge at the

Aviation Medicine Acceleration Lsboratory, Jolmsville, Pennsylvania.
Most of the research in this paper is concerned with s type of

trajectory which may be called a *high-drsp verisble-1ift trajectory.”

For this type of trajectory the satsllite vehicle produces a large wave

drag and a ssall 1ift as it passes through the

~the amount of 1ift, the trajectory and hence the dec ition, the

7 “heating,and the distance travelsd (range) can be controlled,

" the ratic of skin friction to total drag of the vehicle, By
%o the point of landing 48 1
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1ift to small positlive or negative values, the pilot of the wehicle can
centrol his rate of descent to correct for past srrors in navigation and

larmd at the desired place on the surfsce of the sarth,

High-drag wariable-1ift trajectories may be used by capsule type
wehicles and by jg'izwé vehicles which enter the atmosphere at high anglass
of attack, fn fignre 1, two typical vehicles of this class are shown in
the upper left and center of the figure, while in the upper right is
pictured a capsule of the glide type which will be discussed later in the
paper. In figure 2, the varistions of drag, 1ift, and pitehing-moment
coefficients with angle of atisck are shown for the winped vehicle whose
center of gravity is located at the centroid of area of its plan form.

The reglon of interest lies betwsen angles of attack of 60° and 120°. In
this region, the winged vehicle has maximum drag and a negative 1ift curve
slope with zero 1ift at 90°. 7Tn this repgion of intersst, the capsule
shown in the upper 1eft of figure 1 alsoc has i&e&%ﬁgﬂ variations except
that on the capsule we define as zerc angle of attack that angle where the
1ift is zero. Wind-tunnel dats show that both configurations have a
linear, stable variation of static stability {c%ﬁ} over an agle-of-attack

range of 230° from trim.
Following the entry, the capsule must deploy a paraschute for a
= e&ﬂoﬁﬁ landing. ?ha winged ﬂaiiié}“s? on the other hand,a mst be cﬁ%&b&
of pitching from the high-drag to a low-drag condition at g subsonic or ‘
Wﬁiﬁ ‘Mach nuxber and g?«éﬁ;iée a conventional landing with a good

‘&u BA- %Mw LEV £ FA pwm&‘
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tilizing these tralectories and simulsting these vehicles, some

feel frr the problems asscciated with piloted entries into the earth's

THAJECTORY CONTROL

Allen and Fggers have shown {ref, __) that todies antering the
atmosphere with hich drap and zerc 1ift attalr dece lerations which
reach at least By (i1 one usea their exponsntial variation of atmos-

pheric density’ ). BSuch decelerations represent wary nearly the upper

*Betwoer entrv angles of 0V and l.i}o, ARIX atmoazphere gives pesk
decelerations of about 7.hLg from an average north-south orbit, about
lg dess on » west-to-sast entry, and about lg more on an east-to-west

entry.

limit of man's capsbilities without excessive protection devices and

sevarely limit the entey conditions of the vehicls., With ?\sg?gyy' gnall

values of 1/N, large reductions in deesleration can be obtained over a
range of entry angles as has been shown by Chapman in reference 2. Such
wagaemﬁ% lead, however, to skips wiich are not necsssary for the
reduction of deceleration and sre detrimental to heating and to the

prediction of distance that will be travelad., 1t would therefore seem

}eg?a%ﬁt ‘%m mpl&m %}%m inwmim mgﬁm in mmg %xha iﬁfﬁ%s@ ratio
is W in accordance with considerations such as range or haating or
decaleration while still maintaining high drag.

it is interesting to find that there are certain families of high-
drag variable-1ift trajectories in which one of the trajectory warisbles

can be held constant during the entry. Of these, nmm§ decelaration
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and constant rate of descent (rats of changs of &ltituds) hawve proven
most useful. We will consider the latter briefly.

One of the more important parameters in the prediction and control of

ange—and—QeCelarativnr 15 the rate ol descent (rats of change of ﬁﬁm)-
Rate of descent is the product of the velocity (V) and the sine of the
flight path angle {7)

h =9 ginvy

For any trajectory, the maximum decelsration that can be measured in
the direction of the veloeity cccurs when the product of the velocity

and rate of descent are a maximum, namely

* é E
: ny / ¢
sin o w&} ® et ] @ e unite
n )max max € | g2 » &

where 0 is a sconstant sn the order of 1.L8 x 1{3{’ (£+./5e0 }2. Strangely
anough, when the rabte of desecent is held constant throughtut s trajactory,
the maximum deceleration alwavg cccursg when the welocity iz about 0.51
of ita value at eatry, ¥For nesr circular orbit, entry veloclty is just
wnder 26,000 et per ascend and we find that the maximum deceleration

is directly prorortional to the rate of descent only
a, #in al .., ¢oumits = r.%._ R /aac)
i nax’ 150
- 3@ }’{} {{iﬁg}

or about four times the equivalent entry angle (7).
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In figure 3, data are presented for the winged wehicle for four
ajectoriss in which the rate of dessent is held constant throughout
the entry. The time scale starts when the vehicls passes through an
altitude of 350,000 feet with a velocity just under 26,000 feet per

second. The four trajectories shown represent initial flight path

angles of 1.00, 1.50, 2.00, and 2.50. The rates of descent corresponding

to these conditions go from LSO to 1125 fest per second in even incre-
ments of 225 feet per gecond and these rates of descent were held
throughout the entry by changing the angle of attack of the winged
vehinle in the manner showm in the figure., Times to enter ook from
very and of the trajectory,

i to 9 minutes, 'ntil the/relatively small, slow changes in angle of
attack are required and it can be seen that maximum acceleration in
sach case is about four times the entry angle.

The point to bs mads hers is that marimunm deceleration can be
predicted az a function of rate of descent, jIf rate of descent can be
measured and displayed to the pilot, the pilot may well he able to

PN I P Ny /j? o T

maintain op chanze his rate of deseent to a more desirabls value which
nay be determined from rangs or decelsration considerations. For
exampls, batween maximum dacelerations of §; and 10g, the pilet has a

variation in range of roughly 900 miles.

Heating rates and temperature effects -

The relative effects on heating and temperabturs for high-drap
1ifting trajsctories as comparad with high-drag - zero-1ift {ballistic)
trajectories are shown in the next figura, The data of figure ! show
the decaleration, heating rate per unit area, and skin ﬁempﬁrat’uré at,

the stamation point as caleculated for two antry trajectories of the
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winged vehicle: one where angle of attack is held constant at 79° , the
othar where angle of attack 18 90° (gero 1ift). The entry anpls in both
cases 18 17, The data for the zero 1ift trajectory may be compared with

that of Egpers and Allen (ref. [ ) for high-drag blunt bodies.

As shown in the upper part of the fipure, the maximum dscelsration

for thia small entry angle was reduced from 8g to 3-1/lip by reducing the
anzle of attack 11%., As a result of this reduction in angle of attack,

the ranye was increased by 573 milss. For these two angles of attack,

the laminar stammation-point heat-transfer rates per unit area /A ware
obtained by the method of Romiv {ref. 3) for a vehinle with 200 square

fest of exposed area. Thess calculations were made throughout the
trajsciory, st‘aming at 550,000 feet where the heatinp rate was essentially
zero, althouph the data of this figure start at 350,000 feet. The

temperature of the vehicls during the entry will danmd on i‘w thatwa

P
ﬁ F B /;,

and heat protection. However, for a mmparima, @ watt-area of l/‘% inch
thick berillium located at stagnation point snd free to radiate from one
face with an emissivity factor of 1.0 was used to calculate the stagnation-
point temperature for thess and many other entries. (ualitstively, the
data of such trajectories show that a reduction in angle of attack has
1ittle effect on the maximum temperature obtained but significantly
reduces the heating rate at the stagnation point.* The total hest which

-

calculatsd for the stagnation point mmua of hoy that potat woved
due to a change in angle of attack. .

‘must be sbsorbed or dissipated, a8 measured by the srea under the heat-
ng o lower angls of attack:«




Deceleration control

1f, during an entry, deceleration and time were the primary factors,
a most efficient method of dissipating energy would be to determine an

acceptable level of deceleration and control the trajectory such that

this deceleration is obbtained and held to that valus as long as it is
practical. With the specific requirement that a deceleration controller
must be adaptable to a "band" of entry conditions, studies hawve been made
on methoda of controllinz the deceleration as a funetion of quantitiss that
ran ba measured from the vehicle during an entry.

In making such studias, one mingﬁ?;::;amas quite obwvisus is the lar in
time betwsen the production of 1ift and the changs in the guantity to be
controllsd., This is because most of the important variabless can be
controllsd only through changes in the {light path. A% low dynamic
pressures, changes are slow; at high dmmie presgures, the reverse is
true, Thus it is usually not sufficient to centr:;} 2 variable but you
mist generally control the rate of change of that wvariable. The regult
of such control can be considered anticipation or dsmping, depending upon
what part of the trajectory yon are considering. Regardlass of what

varighle is being measured, in almost all cases this effective rate sontrol

reduces to a measure of the rate of change of dynamic pressure (change in

denaity and change in velocity).

Rate of descent, discussed sarlier, is ggu_sz;%iﬁy which it 1s felt
miat be measured or calculated during an entry and can be used directly
for decelsrstion control. Accuracy is a&t M&cuiarly gritical and the
angle of attack of the vehicle, without being known exactly, can be
changed in the correect direction to maintsin or change  1~&% of descent.




value, whereas a human pilot could damp out such oscillations. To prevent

of h. |
One method that provided good automatic decelsration control over a
range of entry angles was found by controlling the angle of attack as a
funotion of measured decsleration and computed rate of change of decelera-
tion. Rate of change of deceleration was used to provide the necesszry
lead or anticipation. As an aytomatic control, the me controllsd the
angle of attack such that

L

fc = a - agpip = Ky 8y +* Ky 8y

where a, is the normal deceleration measured along the z-axis of the
vehicle.and &, was calculated from measured values of V, V, h, and a,.
It can be showm that rate of change of deceleration need not be measured
and, in fact, better results can be obtained if it is calculated from the

expression™

*Hare - Crla) o(h) V2 where Cn(a) is the resultant force coefficient
n 2W/8 F . ,

but is treated as a constant in order to filter out high-frequency
changes in angle of attack.

In our calculations H was a constant which beat fitted the reslation

H® «p % throughout most of the trajectory, but could be a programed




agle, 7, and its rats of change, ‘h

all 1ikelihood will have to be tﬂeﬂt@ﬂ%& function.
With the intention of limiting &u deceleration to the vicinity of

3¢, the constants Ky » were determined from the data of figure 3 for

the winged vehicle, Figure 5 shows the time histories of deceleration,

rate of descent, and angle of attack for this wehicle for entries of

1°, 2°, and 3° where the constants K;,, used in the controller were

the same for all entry angles.

The lead or anticipation effect of the Kpa, term can be seen in
this figure to be quite effective in holding the deceleration to the
deaired valuse.

Smaller rates of change of mgle of attack are required if this
type of controller is used with the wehicle pretrimmed to some lower
angle of attack, say 8° for the winged vehicle and ~6° for the capsule.
Range control

ParhapaA the most apparent need for trajectory control outside of
t}zgif nt?esfga;y ff)r hulgzm %%‘tﬁr&l suryﬁm;l is tqaf c?f hgﬁng&}}w ‘
landing oceur at a speeifiad place., Bemsa &9 men%fyarﬁl probably
be made without power sadwleswes any adjustments that ars necesswy in the
range mast be made by varying the 1ift and drag forces. For the high-
drag variable-1ift type of vehicle previously &e@eﬁm&, the range that
will be traweled during a reentry can be calculated as a function of the
initial conditions for the case where the 1/D 1is maintained constant
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by holding a constant angle of attack. Figure “{g_ summarizes the renge
capabilities as a function of angle of attack and reentry angle for a

typical reentry velocity and wing loading., The figure indicabtes the

variation in range possible by holding different angles of attack for each
reentry angle and can be used 0 Egm:‘m the angle of attack needed %o
obtain a given rangse. MWM&%&WW pange-is
ranve-to-go, velocity, density varistior-ste.; leed-to-errers in-the
sctusl pange-obtatned, For example, i€ the initial flight path angle
were 1-1/L° rather than 1° and we wanted to travel 2000 wmiles, our range
error would probably be around 150 miles, Tt 18 desirable then that somse
type of continuous contrel be applied based upon the progrsss of the
trajectory. As one approach to this problem, we have.mede theorstical
m.u@g;?;biééé %ﬁ;;%he concept of conitrolling the reentry to a reference
trajectory t.hat terminates at the desired destination. The assumption
hes been made that, during the aitmospheric portion of the trajectory,

um?ar;ﬁ will %}# m&ﬁablg for anj &m&ray measummeﬁt cxf the mﬁiu;:m Qf

. Epe g LR T BV f«w-ké

the vehicle x:itia regpect Yo the Maﬁmé éaktimtim, i %n sssence, the
range~to-gec must be a measwred or computed guantity. By continuously

comparing the sctual range-to.ge with the reference range-to-go, an

“error signal is obtained, The magnitude of this srvor signal coupled

with the rate of change of the error signal is then used to command an
angle of attack that csuses the trajsctory te approach the reference
The equation for the command angle of attack is of the form




o]
ap = Gp *+ Ky €ppn + Ko eppg

where tp is the desired trim angle of attack.

Wy

&

Results have shown that this approach is effective in controlling
the range. As an axampls, figure j shows the computed altitude-range
profile for two controlled trajectories which snter with an angle of ~1°
but with initial ranges-to-go to the desired destination that differ by
500 and -200C miles from the reference trajectory. Both trajectories
show smooth correction to the reference with only mmall overshocts and
at an altitude of 100,000 feet are within 10 miles of the refsrence.

?mw hag'mf been .made nh&m Fraight=line-spproxisations—of ~ '« reference
3 S W ‘2 § A * : g

' tra&a%wgm_m with no wgaaram {iﬁémmg in terminal accurscy.

The trajectories that are presented in figure _Z were caloulated on

the basis of a nonrobating earth and atmosphere. However, t,he effect of

t?zggg fag%,qa*as on tgm range mﬁ trmctmy has bmm cslenlated M

Static simulation o

The application of the described trajectory control methods in
cases where the human pilot is performing the control task has been

studied using a static simulator. TIn this simulator, the equations of

—motion-deseribing the trajsctory md the short-period dynamics of the

‘vehicle are solved ‘on an snalog computer which is electronically

with -a-eockpit wherein site the pilot, #n inst;
of the importsnt trajectory snd sttitude parameters and a side-arm
controllsr g' svailable to the pilot for his control function. Figare g




needed here.) The preliminary tests were concerned with determining

suitable srrangements of the instrumsnts and desirable variations of
stability and control effectivensss. A discussion of some of the imter-
egting aspects of stability and control will be presented later. For
the present, the application of the simulator to range control will be

considered. o s b it Th owardd, oy y v T

The prineciple- Miﬁd in W theoretical studies of range control,
that is, controlling to a refersnce trajectory, was applied tc ths pilot-
controlied case by comparing the computed desired angle of attack with the
actual angle of attack in order to obtain an sngle-of-attack srror. Thise
signal was used to actuate the zero reader instrument shown previocusly in
the photograph of the pilot!s instrument panel. The pilot's task during
the run was to maintain conirel over the attitude of the vehicle and to
control angle of attack in accordance with the indication of tha zaro
reader. Runs that have been made have indicated that there is slightly
more of a terdency to overshoot the reference trajectory with the pilot
in the loop possibly due to his tendency to lag slightlv behind the indi-
cators of the zero reader. However, the accuracy in reaching the desired
destination was only alightly less than fin the; theamtical studies.

Another apgm&ch to the pwble; c;f wajwmry range control has

embodied control procedures somswhat similar ¢ the GCA methods in

current use for airplane landing approaches during instrument neath‘er.

In this aspproach, the®CA operator? is located at a ground station and

has a mresentation of the position of the vehicle with respect to the




circled mumbers indicate the mh—&&-@?t&k M the
GCA controller. As a reentry pw@ma; below the initial altitude of
350,000 feet, the ground observer comparss the range with that of the
reference trajectory and determines mmgle-of-atiack commands that will
correct the trajectory over to the reference. In performing this
function, the GCA controller also has graphs relating ramge, angle of

attack, and flight path angle such as was shown previously in figure Q

to aid him in predicting the effectiveness of a certain command in cor-
recting the trajectory to the reference. By continuously observing the
effect of his angle-of-attack commands, the controller (with some
experience ) is able to periodically issue angle-of-attack commands that
will bring the trajectory closer into line with the reference., It has
bean found that an experienced operator ¢an consistently control a
reentry to within 10 miles of the desired destination as long as the
initial conditions are such that the desired range can be reached without
continuously operating at the angle-of-sttack limit.

Tests have been made where the problem of the GCA operator has bean
complicatad as by applying noise on the X-Y recorder in such a way as to
simulate radar tracking noise. In still other tests, the density altitude
relationship has been arbitrarily changed (unknown to the GCA operastor)

by as much as a factor of 2. These factors, taken separately, increased
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the terminal errors by small amounts although the accurscy was usually
within 20 miles. When taken in combination, howsver, the problem of
GCA control became more difficult and the errors incressed to a§ much

ag &:’ miles,

Tests were alsc made of the pilot's ability to perform as his own
controller by observing a relatively small plot of the altitude range
profile as presented in the previous fipure. It was found that with
sufficient indoctrination, the pilot could satisfactorily determine for
himself the proper angles-cf-attack varistion so as to cause the trajec-
tories to terminate at the desired location. It ig necessary, however,
that the stability of the vehicle be good enocugh that the pilot can
divert some of his attention away from the attitude instruments and

toward the range display.

DYNAMIC STMULATION PROGRAM

Teneral
‘n ronfunction with the rangs contrel studies just deseribed, an
extensive orograr to determine the capabilities and limitations of
human pilots during atmospheric sntries was performed uging the fixed
base simulator at the langley Research Centaer and the 50-foot human

centrifuge at the Navy's Aviation Medicine Acceleration laboratory,

Johneville, Pemnsylvania. Three proposed satellite vehicles, each

groducing a different g-field on the pllot, were simulated in these
tests, and ten pilﬁé:a (X&y, Air Force, Marine Corps, and NASA)
participated.
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In order to give the results of this program, it is necessary
first to briefly describe the vehicles simulated and the cockpit equip-

ment used in the program.

Charascteristics of Simulated Vehicles

The three vehicles simulated were shown in figure 1. In the capsule
shown in the upper left of figure 1, the pilot sat facing backward with
his instrument display showing all angular displacements as though he were
flying a conventional airplane “+ Ll wes roving in the direction of his
line of sight., To the pllob, the capsule therefore had an appavent posi-
tive 1ift-curve slope. O-forces were from chest to back (positive longi-
tudinal). This capsule has good static stability (as shown by instrument
ta3ts) in piteh and yaw, but none in roll. Damping (defined herein as a
moment resisting an anzular velocity) about all three axes was varied
from zero to good on different entries. Various amounts of asrodynamic
ard reaction controls were included. Aaaradyam cmat::ols on this cap-
sule could consist of lateral and longitudinal flaps which are deflechsd
into the wind and add 0 the frontal ares of the wehicle,

I the winzed vehicle, the pilot sat in a normal flying position
and was axposed to positive normal sccelerations {(head to fset) through-
out the entry. True attitude angle and angle of attack were displayed
to him so that the @gaﬁf544§if£»c&rm slope of the vehicle was quite
apparent to him. The n’ingaﬁm}zicla at 9@ #ng}.a of attaek had static
stability in pitch and roll but sero static stability in yaw. As with
the capmils, various amounts of dynamic stability and serodymamic control

effectiveness were investigsted md reaction controls were included for




but did have other e&ww&iﬁ&a of irxt&mﬁ. ’ﬁ&éﬁfk help % wew

the imwiam

The pilot faced forward in this vehicle, looking along his flight path.

At trim, the 1/D was 0.5 and the pilot was subjected to a combination
of negative longitudinal (back to chest) and psai&im normal as indicated
in figure 1. At high angles of attack these decelarations were about
svenly divided; at low angles of attack, the decaleration was purely
longitudinal. The vehicle had a small positive lift-curve slope wp to
about 15° angle of attack but angle of attack primarily affected the
drag and deceleration rather than the 1ift and filight path.

Controls

The aserodynamic controls and the jet reaction controls were operated
by the pilot through one control stick and em set of rudder pedals.
Displacement of the pilot's controls produced proportional moments from
both sourcas. The aerodynamic control moments were proportional to the
dynamic ressure while the reaction control moments wers indspendent of
dynamic pressure. Nelther lags nor dead spots were simulated,

The pilot was provided with a side-located contrel stick for piteh
and roll control. Two side-located control sticks were used at different
times during the simulation programs. The first series of tesis was
made with a spring-loaded side-arm control grip which was designed to
mechanically position hydraulic control valves. The effective pim{
point in both pitch and roll was in the wrist. A phetograph of this
controller is shom 28 an insert in figure X .




~ conwrel stick also located st Whe end of the

S A in %J;«;‘g

This controller can a% Besigned for al

was a refinement of the side-located controller reported in reference
which has been flight tested over a period of several years by the NASA.

Both controllers were designed with the purposs of allowing the
pilot to operate his serodynamic controls during high deceleration
conditions both steady and oscillatory. |
Instrument display

An instrument panel with nine operative instruments was provided
the pilot for both static ard dynamic simulations. A photograph of
this instrument display during operation of the static simulation is
shown in figure §. From left to right the four instruments across the
top give the fouwr trajectory miahle# : acceleration, rate of descent,
altitude, and velocity. The second rom‘ of three instruments gives the
longitudinal attitude information: angle of attack, pitch angle
(indicsted on a rotating ball generally referred to as "eight ballv),
and angle-of-attack error meter used for éecéhx*atinn and/or range
control information, The eight ball ‘also displays roll angle and
‘directly below the eight ball,yaw angle is indicated and below that is
shém angle of sideslip. For the %hic}ss investigated to date, side-
8lip has not been critical and its display has therefore been ,zhgma
to 3 minor m&z&im on the display. The other instruments shown in
tigure § were inoperative.

*




Thae three vshicles just deasribed mre physica:{ly simla%ﬂ in the

i

gondola of the AMAL centrifuge.. All simlation@ were made "c}nsaé»lﬂaap”

by simulating the inertial, gravitatiomal;— rodymamic forces as well
as the dynamics of vehicle with the Typhoon computer located at the
Aviation Computer Laboratory and electrically connected to the centrifuge
by telephone cables. During operations the pilot had direct control over
his simulated vehicle and indirect control over the centrifuge. When he
moved his controls his instruments indicated the response of the simulated
vaehicle and the accelsrations that would be produced by thesze motlons were
fad to the drive mechanism of the centrifu@‘e which, in turn, produced
thege aceelara‘hiana; Thus the pilot alone operated the centrifugye through
the operations of his cockpit controls. Fmergency stop switches were
avallable to the pilot, project engineer, medical offirer, and others in
the event the pilot lost control of the wvehicle and "spun in." A good
comprehansive description of the clasié ~loop operation of the centrifuge
was given at the Jmumq:;;a%iﬁg}%f{;m}ing and Clark (ref. = }
Approximately 360 simulated entries, static and dynamic, were made
during a li~week's period. The vehicles were simulated with five degrees

of freedom (no side-force equation) on the computer. The linear accelera-

from one vehicls to the next was accomplished by rotations of the gimbals

and the appropriate computer changes.
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Entry angles up to 6° from circular orbits were simulated for the
vahicles. The simulated entry of the high-drag - variasble-1ift wehicles

was started at 350,000 feet altitude with the vehicle at a velocity of

25,863 fest pergeconds—The—third-capsule, having a high wing loading
was started at 275,000 feet with a velocity of 20,700 feet per second
(0.8 satellite velocity) to simlate an entry made necessary by the
failure of the final boost stage to fire during an attempted launch.
Host entries terminated at about 60,000 - 75,000 feet where the velocity
was 1300 feet per second. Such trajectories required about 5 to 10 minutes
per run.

Prior to "flying" the dynamic simulator, the pilots spent a week
flying the static simulator at the lLangley Research Center. Early results
on this static simulator were later confirmed in the dynamic simulation

program. The pilots were indoctrinated as to the characteristics of the

vehicle they were to fly and asked to fly vwia&s types of trajectories —

at various conditions of stability and control. Some of these tasks

follow.

oy
Tasks
For the two high-drag - variable-lift vehicles, some of the tasks
” gi:ven to t&m pilots wére as follows:
{a) Maintain a constant angle of attack.
(b) Make step changes in angle of attack when decelerations resched
s certain level,




(c¢) Vary angle of attack such as to hold sero error on & 2610

resder type moter. For this task, the differemce batween

the sctual angle of attack and the angle of attack computed

error on a meter. Whenever the meter went off zero, the
pilot changed his mgle of attack in the opposite direction
to return it to zero. By keeping the error small, the pilot
controlled his trajectory in a mamner similar to the suto-
matic deceleration controllsr referred to earlier in this
paper.

Haintain constant rate of descent.

Thange rate of desgcent from its initial value to some
prescribad valus and hold it there.

Allow decelsration to build up to but not exceed a certain
value and hold it there as long as\ possihie,

For some antries with the capsule, the pilot was glven only
raaction controls and instructed to control his anpgular
motions only.

For the glids capsule, {a), (b}, (4), and (e) ware used for early
studies but one primary task was used for most of the tests, namely,
—~reduce rate of descent {or flight path angle) to zero or some small
value and "bleed-of f" velocity at this condition as long as asrody-
namically possible.




Given one of the above takks; mﬁ% were required to fly

consecutive entries with z%wg%}u Ty“‘lﬁx wd 1ess damping sbout all
“three body axes. Figure 2‘5 shows the varistion of the wdw"%z%*“
6f a second-order system whose coefficients vary linearly with dynamic

pressure. HBach point on the curves réomts the damping at a corre-
sponding constant¥ value of dynamic pressure. from a level of dynamic

*When dynamic pressure is increasing with time, an additional damping
Jiosgpersr- A8 obtained, When dynmmic pressure is decreasing, the damping is
reduced, See reference 0.

o -

stability considered scceptable by the pilots (shown on fig. 7 as
"stardard?), the dynamic stability was reduced in steps of 1/2, 1/h, and
1/8 of that value and thery set to zero.

Static stability of the vehicles was obtained from wind-tunnel testa
and, in general, was not varied., However, to measure its effect, limited
tests were made at 2, 1, 1/2, and 1/} of the wind-tunnel values. In
general, when this was done, the pilot's contrel power about the corre-
gponding axis of the wshicle was changed proportionally so that trim
capabilities of 2300 wore retained. labeled as "standard," the varia-
tion of natural period with dynamic pressure is shown in figure L for

the righ-drag capsule and winged vehicle.

A

Limited tests on the effects of cross control due *o the defiecs—

tions of the gerodynamic contrel surfaces were made. Also some tests
were made using jJet yeaction mz’s%mlw only., On-off reactian controls

-

were compare:d mti@ u;rﬁpemzmaé jn several runs but dsmi.} stu&iw were

nod made,
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Given acceptable amd Jow valnes of damping, the pilots could perform

_a1] of the tagks with ocood oroficiency. ¥hether s vehlcle had s negative or

"2 positive 11ft-curve slope did not bother the pilot so long 28 he imew the
characteristics of the vshicle he was flying., The entries were not con-
sidered diffienlt so Jonpg as the vehicle had 2 1ittle natural or artificial
damping snd performance of bLasks did not noticsably deteriorste with

increased levels of deceleration until an sbrupt complete deterioration

TR

#% Poeed L a4 [aip B3

oceurrad,  This deterierati on varied sbout 21 /7¢ betweer pilots, This

brear ocewrrad with 710 lag: of peripheral wision due to grayovi or black-

eak

A positive normal g, (2) fror loss of foeus power and pooling

out 2t oabont
of the blocd in the hands and feet at b to & negative longitudinal g, or
{3 from inability o breathe (compression of lungs, cauging a choking

gengatinn} at fig of noaitive longitudinal decelerations., Wost tests were
made with standard gesuites but for compariszon, some tests were made with

Ml partial rressure anits,

Specific p-fipids

Good cortrel under velgtively long (1 - 2 minutes) periods of high
{(6g - Rg) decslerations was exhibited by pilota flying with positive
Jonpitudinal or positive m}ma}. ascelerationg acting on them. Some
boundaries are shown in figure /. for regicns of good, acceptable and
tolerable deceleration forces scting on the pliot feom the different

gusadrsnts. The boundaries are primarily functions of time., IUnder

positive g (normal snd longitudinal}, the pilot could tolerate 6p to B¢

for periods of time of 1 %o 2 minutes while controlling the trajectory




and the anoular motions of the wehinle. rontinuouvg control hetween
e and 6g coold be perormed from 2 - 6 minutes and below hg, no limits

in time were found ard e nilots felt thew conld fly dndefinitely at

this condition.
Tr tne positive longitudinal g-fleld at Pg, the pilots felt thst
their chests were ahout to collapee and experienced prest difficudsy in

£111ine thedr lanes.™ Mo pravout was experienced. Tn fact, 211 but one

®Ry holding ong's breath and keepins the lungs fMlled, hivher g for short
variods of Lime can, of course, be tlerated. The trick 18 to Lake 2

deep breath at the richt time,

SR et i1 5 S

i let felt s pesult did wore harm than yood in this g-fleld and did not
gonpect thelir pemiits for Lhese tests,  Some feots with a partial pressure

)

guit indicated o oapnll spount of rellef from the mengation in the chest

due to the wmore sver distributicon of the pressure over the¥gp diavhragm.

Pogitive normal accelerations of By represent the upper 1imit 2t
whick a pilet can fly for 1 or 2 minutes and do a pood job. At Bg, the
pilot s continually on the verge of gravout or blackeut and must work to
keep his lungs filled. At ég, there 18 a pgrest reductiocn in effort
required and below g, controlled breathing i3 not even reguired.

Mth a combinstion of positive, normal, and longitadinal p
(rogultant gmi‘oi‘cé&@;ing 15° to the chest) , one piled flew for 100 gseconds
between S¢ and 9p during an entry which lasted about & mirutes., A combi-
nation of positive, normal, md regative longitudinal g was covered in
the ¥-15 programs and this is indicated in figure 'C,

When the negative longitudinal g~force becomes larger than the posi-
tive normal g-force, the g-field becomes extremely uncomfortsble. Negative




in this fisld were Mﬁ& to
short periods at S5g duwe to the pilots' inability to focus their eyes

EH1IE - 18%8 tans 51 1ot et Psnw Bowy i3

of blood at the ends of their feet and hands. With additions of positive
normal ¢, li to 5 total g became tolerable for longer periods of time.

An extensive support system was required to keep the-pilet secured.

Nasal discharges due o the g-fisld did 1ittle to help the pilot's

vigion of his instruments.

The ratings given to figure /1 may be varied slightly with improved
support systems and special devices. The same seat was used by all
pilots in all g-fields and it is felt that some improvement in comfort
could be achieved by custom tailoring. Additional supports were asdded
in these tests whenever required. For example, for positive longitudinal
decelerations, additional neck support was found beneficial and with
negative longitudinal ¢, additional leg, arm, and chin supports were
required. Special devices such as ace bandages on the calves of the

legs helped to reduce blood pooling in the feet with negative longitudinal

accelerations,
Validation
- One of the more remarkable results of this program was the comparison

of static ami dynamic rung. Most of the dynmmic runs were immediately

preceded or followed by static runs in which the pilot flew the enry

without the centrifuge moving. In most cases, the pilot said he felt he

did a better job under g {dynamically) than he did statically. In some
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that motion cues were apparently not the reason. | In most entries,

tudes and the pilots felt that this produced an incentive for perfection
during the dynamic runs. Also steady decelerstions produced a steadying
(stabilizing) effect on & pilot - a factor which must be experienced to
be appreciated.
Tasks

All of the tasks nﬁseﬁ earlier could be performed with good mro-
ficiency but some tasks required more practice than others. Holding
constant angle of attack and making step chmg@ in angle of attack were
so sasy that they were used only as preliminery or training tasks,
Holding rate of descent constant required slightly more attention but
posed no difficulty. Changing rate of descent to a new value sometime
led to overcontrolling when the entry angle was large but with practice,
good proficlency was displayed. If the entry angle were g0 s for example,
the pilot, noting his rate of descent, would change his angle of attack
to a high 1ift condition and reduce i&:ié rate of descent as rapidly as
possible to a value of 00 or 500 feet per second. If ordered to go to,
say, 500 feet per second, he sometimes overcontrclled and reduced his
rate of descent to, say, 300 feet per second befere achieving the
dssired value. ‘

When the high-drag vehicles were controlled such as to keep the

"gero reader® centered, trajectories similar to those of figure 5 were
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obtained. This method of control worked quite well in serving to train
the pilot as to the amount of anticipation required between changes in
agle of attack and the effect of these changes on the flight path and

deceleration. Whenever the vehicle had very low damping and only slow

changes in angle of attack could be made safely, such anticipation was
very valuable.

The pilot, instructed to allow the deceleration to build up to a
certain value and then hold it at that value, could perform this task
surprisingly well for small (up to 2°) entry angles, With incressing
entry angles, this became increasingly difficult due to (1) the snticipa-
tion required and {2) less time was available for the maximum allowable
1ift to reduce the rate of descent sufficiently before the desired
deceloration is reached. However, the higher the dynamic pressure (and
consequently the 14ft and drag), the quicker was the response in decelera-
tion to a change in the angle of attack.

For the lifting capsule, the primary task described earlier could be
accomplished reasonably well after some practice. 8ince anple of attack
primarily affected drag (and deceleration) rather than 1ift, control of

the trajectory required rather large chanpes in angle of attack but with

moderate damping, this task presented no difficulty. BEntry angles of }°

were the maximum that could be tolerated.
Dynsmic stability

In the first series of tests using the static m&him, the xingéd
vehicle was flown at consecutively lower values of damping: These tasts
were made using the mschanical side-arm controller described earlier.
_The pllots were just able to fly the one-fourth standard condition and

-




completely unsble to fly the one-eighth standard condition, no matter
what the task or entry angle. The records showed that the pilot was
inadverfently crosg-controlling {moving his side-arm control adversely
in roll) pitch when he was attempting to control piteh g8} which

caused the vehicle to perform a pitchercll divergence, Since a number

of pilots who participated in the Le@® static an{i dynamic simulation
#j N ZRE s thoar 1y ?ﬁ‘f&”%}fw
. ﬁyA tha imtmllﬁr

pm?x:m had sxperienced the same ciiff‘iw

wag removed and replaced with the pencil contreller described earlier.
With this corntroller, the pilots were able to fly complete entries with
one-eighth standard and also with zerc damping about all three axes.
The latter case required some diligence but could be performed on the
winged vehicle, both statically and dynamiecally, by all nilots. The
high-drag capsule could be flown at one-eighth standerd damping bub

only on a very few runs could it be flown through a complete trajectory -

with zero fimi’%“ With the addition of very small amountsof static

*apgain it must be remembersed that zerc damping means the vectoring
momen*s in roll, plteh, and yaw were aet at zaro. The effects of
negative rate of change in dmamic pressure, however, waere presant
and were destabilizing.

stability in roll, the high-drag capsule was very easily controlled st
garo damping.

Recause of its cross-coupling characteristics at conditions of low
dynamic stability, the mechanical controllers in both the static and
-—dynamte similator cockpits were removed and the elsctronic pencil=type
_controller used for all other tests reported herein. .




Static stability
With good dynamic stability,changes in static stability had little
effect on the pilot's rating so long as his control power was changed a

corresponding amount. However, with low values of damping, high static

ALy U WASR Qetramental necing ol fhe hish -Lrecpianey POOT LY - GANMDGY

oscillations which the pilot had to contend with,

The effects of nigh, "standard," and low static stability on the

variation of the vehirle's natural period with dynamic pressure can be
seen in figure 2;. High static stability causes very rapid changes from
long to short periods during the transition from zers to low dynamic
stability. With low damping, this change can be exbremely difficult on
the pilot who can do nothing with the very short-period oscillation which
then exists throughout the sntry.

All of the wehicles had esgentially no static stability about one
axis, If a vehicle had a low moment of inertia abont};néfézgé, the lack
of static stebility was extremely obvious and required rontinucus atien-
tion of the pilot at all timss ' keep the desired orientation {roll angle
for the capsule, yaw argle Tor the winpged vehicle), As nointed out earlier,
with zero dampine about all thre awes of the capsule, it was virtually
imposgible to fly Lhe antry due to the lack of roll static stability.
With the addition of a very gmall amount of artificial statie stabllity
in roll, the oilot had no difficulty in controlling the v&hi&lﬁ,ﬂuThia
was found to be true in 8ll vehicles with the effect diminishing with

inereasing inertia sbout the eritical axis.




controls
rime does not allow a discuseion of control affsctivencass factors

investigated, However, two small observations may be in order.

was ohtained by pubtting a grip with the pitch trim wheel in the pilots®

left hand. Since they had no throttle or other duties for their left

hand, the pilots supgested this modification about half way through the
program. Within a few trajectories after the change, the pilots were
controlling the vehicle's trajectory with their left hand and the vehicle's
angular motions with their right hand and feet. The pllots rated this
type of contrel guite highly, particularly for low stablility conditions.
The trim knob location can be seen in figure /. |

In all g-Tields, the pilots were abla to operate their rudder pedals.
For the positive longitudingl g-fields of the capmle of flgure 1, it was
necessary o use stirrups, which can be geen in floure éﬁ, in order to
keep the nillot'a feet on the pedals., This also was a pilot invenion,
Althouph their feet were free %o {ﬁifferentially} translate, the nilots
kapt their heela essentially fixed and all the necassary pedal motion
was obtained by moving ths balls of their fest hack and forth.

Tt is hoped that desgipgners, considering the uss of three-axis glde-
arm controllera, will first take a serious look at treddies or lightly
leaded rudder pedals for the control of the yaw degree of freedonm,
Instruments

In general, it was found that instrument design and arrangzement

are very critical for flyving in high g-Tields since a pilotts ability to

think and reason under hieh p-loads is definitely impaired. Tnstrument




scan and comprehension should be made as simple as posaible, All needles
and gapes should move in the correct #instinctive® direction.
In the tests described herein, only angular displasement indications

were used. The addition of rate indications for low stability conditions

T 2 o oE guvantageowy 1or the oritinz TS R Ie ear e
However, it may turn out that with very high fregusncy oscillations, such
ag ware encountered, only marginal improvements will be realized, In any
event, a meticulous study of instrument arrangements for use by pilots

undar high g-conditions 12 considered egsential to the zuceesas of piloted

antries.
COHCLUDING HEMARKS

On the basls of the studies briefly summarized herein, it is felt that
entries into the sarth's atwosphere which require prolonged periods of
several minutes at moderate to high levels of decelsration can be sabtis-
factorily accomplished by the average pilot and to not reguire extensive ;
conceptnal or hardware changes. Up to Bp, positive normal or positive
longitudinal, conventional seating facilities with few minor modifications
will be satisfactory., 7Tf warisble 1ift capabilities are combined with
high drag, entries at circular satellits velocity at flight path angle up

to (~)6° can be arcomplished without exceeding 8p,

Range contrcl with vehleles having high-drapg variable-1ift charac-

-4eristics appears to be guite feasible, However, the methods studied mre

dependent upon the avallability of acceptable position measuring devices.
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